As part of a joint project between the International Association for the Properties of Water and Steam and the Subcommittee on Transport Properties of the International Union of Pure and Applied Chemistry Commission I.2 on Thermodynamics, all available and reliable experimental data on the viscosity and thermal conductivity of ordinary water and steam have been collected and converted to the current temperature scale ͑ITS-90͒ and a common set of units. The data are grouped according to state into four regions: the liquid phase ͑excluding data near 0.101 325 MPa͒, the steam ͑vapor͒ phase, the supercritical region (TϾT c for any pressure͒, and liquid water at ambient pressure ͑near 0.101 325 MPa͒ between the triple-point temperature and the normal boiling-point temperature. For each point with measured temperature and pressure ͑or at specified saturation conditions͒, a density has been computed with the current scientific standard thermodynamic formulation ͑IAPWS-95͒, and each experimental datum has been compared with the viscosity or thermal conductivity calculated from the current standard formulations for these properties. The total data collection contains 4090 points for viscosity in the range of temperatures from 238 to 1346 K with pressures to 346 MPa and 5107 points for thermal conductivity in the range of temperatures from 256 to 1191 K with pressures to 785 MPa. The current standard IAPWS formulations for the transport properties of water are based on correlations adopted in reviews of the transport properties of water, has identified regions in which the current standard transport property formulations can now be improved, and is intended to facilitate the development of new, more accurate, international formulations for the viscosity and thermal conductivity of water and steam.
Introduction
The study of the transport properties of water certainly dates back to the earliest contemplations concerning the nature of fluids, with scientific systematization perhaps beginning with the 17th century work of Newton, or the mid-19th century viscometry of Poiseuille. Water is the vital working fluid in myriad systems, and the 19th century development of fluid dynamics rests, in part, on an understanding of the viscosity and thermal conductivity of water. Today's designs using water and steam in electric power generation and in other technological applications for transfer of heat or of momentum also require knowledge of the transport properties of the fluid, with design innovation and optimization based, in part, on very precise values for these quantities. Other fluid-based applications also require the transport properties of water, as these can serve as calibration points in commercial or scientific instruments for viscometry and thermal conductivity measurements, or as the basis of relative measurements of these properties in a variety of fluid systems.
Measurements of the viscosity and thermal conductivity of water by a variety of methods have been made throughout the 20th century: the earliest viscosity data considered in this project are from 1914, and the earliest thermal conductivity data are from 1932. The process of collecting and evaluating data for the transport properties of water, with the goal of generating the most accurate tables, charts, or formulations is also not new. The need to develop internationally agreedupon values for properties of water was recognized by the power industry, and the initial efforts in this area are associated with the first International Steam Conference held in London in 1929. It was not until the fourth meeting of this series, held in Philadelphia in 1954, that transport properties of steam were considered explicitly, and this Fourth International Conference on the Properties of Steam provides the root of the current project.
The first internationally accepted formulations for the transport properties of water substance were completed in 1964 ͓Kestin and Whitelaw ͑1966͔͒. The International Association for the Properties of Water and Steam ͑IAPWS͒, as the standing organization for international cooperation on properties of steam is currently named, has continued the tradition of developing standardized tables or formulations for the viscosity and thermal conductivity of water and steam as part of its ongoing efforts on water and aqueous systems.
The independently constituted Subcommittee on Transport Properties of the International Union of Pure and Applied Chemistry ͑IUPAC͒ Commission I.2 on Thermodynamics began work in 1981 and has met annually since then to study transport properties of fluids, with an emphasis on fluids of industrial importance. It is in the context of a joint project between IAPWS and the Subcommittee, representing a common interest in and responsibility for these subjects, that the current study has progressed.
The current standard formulations for calculating the viscosity and thermal conductivity of water and steam are de-scribed in Releases issued by IAPWS; the basic correlations were adopted in 1984, although there have been minor revisions and documentary material promulgated since that time. The discussion by Sengers and Kamgar-Parsi ͑1984͒ describes the formulation for viscosity which serves as the basis for the current standard. They noted that the equation is based mainly on the experimental database which was established as international input and which included measurements published through 1973 The formulation for the thermal conductivity of water is discussed by Sengers et al. ͑1984͒ . There are, in fact, two standard formulations for the thermal conductivity: one simpler equation which is adequate for most industrial purposes and a scientific formulation which provides the best representation over the broad range of temperature and pressure state variables; in the present paper, we are considering only the scientific formulation. The experimental data for the thermal conductivity of water considered in the current standard formulation were compiled by Scheffler and his co-workers and include sources through 1976 ͓Scheffler et al. ͑1977͔͒. A study by Tarzimanov ͑1975͒ provides a review of the data situation through the early 1970s. The IAPWS thermal conductivity formulation is valid in the following range of pressures p and temperatures t: Thodos ͑1963͒ provides an earlier set of correlations, and the study of the thermal conductivity of saturated liquid water, published under the auspices of the IUPAC Subcommittee, by Ramires et al. ͑1995͒ , provides an important standard for the saturated liquid.
Since the adoption of the IAPWS viscosity and thermal conductivity standard formulations in 1984, there have been several significant developments which impact the study of the transport properties of water. A new formulation for the thermodynamic properties of water and steam, IAPWS-95 ͓IAPWS ͑1995͔͒, was adopted, which slightly altered the calculated relationships among temperature, pressure, and density which must be used to analyze and correlate the experimental viscosity and thermal conductivity data. One of the reasons for the development of IAPWS-95 was the introduction of the new temperature scale, ITS-90 ͓Mangum ͑1990͒ and Preston-Thomas ͑1990͔͒, which supersedes the IPTS-68 temperature scale upon which the older analyses of the thermodynamic and transport properties of water were based. IAPWS has considered these changes, and in 1997 and 1998 issued slightly revised releases for the transport properties of water which simply account for the change in the thermodynamic formulation and the change in temperature scale. Current implementations of the IAPWS water-property standards, such as the NIST Steam Properties Program ͓NIST/ ASME ͑1996͔͒, generally incorporate the slight revisions of the transport property formulations described in the more recent releases for viscosity ͓IAPWS ͑1997͔͒ and thermal conductivity ͓IAPWS ͑1998͔͒.
In addition to the relatively minor effects on our knowledge of the transport properties of water caused by the change in temperature scale and the IAPWS-95 thermodynamic formulation, the existence of new experimental data obtained in the intervening years may allow a substantial improvement in our ability to describe the viscosity and thermal conductivity of water. For these reasons, we have again collected the data which were used as input in the development of the current IAPWS standards, examined documents which may provide additional data from the earlier measurements, and emphasized the compilation of new experimental measurements which were not available when the 1985 formulations were developed. For each such point collected, we have converted the reported temperature to the ITS-90 scale, as appropriate, and calculated the density according to the IAPWS-95 thermodynamic formulation.
The temperature conversions were applied directly to the reported temperature; i.e., when the state point to which a measurement was associated was given on the IPTS-68 scale, a conversion algorithm ͓a linear interpolation of the temperature differences tabulated in the report by Preston-Thomas ͑1990͔͒ was applied to find the equivalent temperature on the ITS-90 scale. Analagous conversions were made for data reported on earlier temperature scales, and if a temperature scale was not explicitly stated in a publication, the year of publication was used to determine which temperature scale was appropriate to the data. No attempts were made to convert any platinum-resistance-thermometer calibrations 143 143 VISCOSITY AND THERMAL CONDUCTIVITY OF WATER AND STEAM reported in the publications to the ITS-90 scale, and higher order effects of the change in temperature scale, such as the effect of the derivative d(T 90 ϪT 68 )/d T 68 on the temperature gradient used in the measurement of the thermal conductiv-ity, were not considered. Following the arguments of Rusby ͑1991͒, we note that the temperature scale difference is generally not a strong function of temperature, and that few experimental values are of sufficient accuracy to necessitate incorporating these higher order corrections. We have also not explicitly considered other possible revisions to the experimental transport properties, such as those associated with improved working equations for an instrument subsequent to the original measurements or those associated with changes in reference values for relative measurements or instrument calibrations. The tables in this manuscript provide key information for all of the important data on the viscosity and thermal conductivity of water, and the accompanying figures show deviations between the data and the current standard formulations. 
Data Analysis
The data collection contains 4090 points for viscosity in the range of temperatures from 238 to 1346 K with pressures to 346 MPa, and 5107 points for thermal conductivity in the range of temperatures from 256 to 1191 K with pressures to 785 MPa. This collection includes all data considered for the current IAPWS formulations as well as some additional historical data and results published since the earlier compilations discussed above. However, this collection is not meant to be exhaustive, and some of the very early data are not included. The compilation by Nagashima ͑1977͒ includes references to additional data of historical interest for viscosity, and the study by Sengers et al. ͑1984͒ gives additional information for thermal conductivity; the compilation of Scheffler et al. ͑1977͒, the evaluation of Tarzimanov ͑1975͒, and the status report of Alexandrov et al. ͑1991͒ can also be consulted. These publications and, in particular the development of the international input resources by Scheffler et al. ͑1974͒, ͑1977͒, involved evaluation of the data available at that time. Although some of the older experiments cited in these sources may represent excellent work, these data were determined to be inadequate for developing transport property correlations, and we have generally concurred and omitted them from the current database. We have also not included sources that only give graphical results and have eliminated most references with only smoothed results or references that report duplicate information. We have also omitted several sources such as those that cover very high pressures, such as shock-tube measurements for viscosity, and measurements of related properties, such as the thermal diffusivity. The ''Supplementary References'' Appendix provides a reference to thermal conductivity and viscosity sources not incorporated in the current database.
VISCOSITY AND THERMAL CONDUCTIVITY OF WATER AND STEAM
The data are grouped according to state into four regions, shown in Table 1 . For each point with measured temperature and pressure ͑or at specified saturation conditions͒, the temperature was converted to ITS-90 either according to information given by the authors or according to the year of publication of the data. Following that, the density was computed with the current scientific standard thermodynamic formulation ͑IAPWS-95͒, and each experimental datum was compared with the viscosity or thermal conductivity calculated from the current standard formulations for these properties.
Tables 2-5 and 6-9 show the data sets collected for the viscosity and the thermal conductivity, respectively, of water according to the four regions. In each table, the first author and the year published are given together with the method employed, the uncertainty indicated by the authors, the temperature and pressure ranges, and the number of data reported. The average absolute percentage deviation of each data set for the viscosity and thermal conductivity from the values calculated by the current IAPWS standard formulation is also shown in these tables.
A thorough discussion of the experimental methods which have been developed for measuring viscosity and thermal conductivity can be found in an IUPAC monograph ͓Wakeham et al. ͑1991͔͒; the methods used for the water measure- 
ments and listed in the tables are included in this monograph. In certain cases, the measurements summarized in Tables 2-9 yielded relative properties, with the results dependent on an assumed value for a property of water at a standard condition or on absolute measurements for a different fluid. In some cases, the theory of the instrument has been advanced since the experimental data were obtained, and corrections could be applied to the original data. In all cases, only the original reported data were considered in the current compilation.
The temperature and pressure ranges covered by all the data sets included in the data bank are shown, in the case of viscosity in Fig. 1͑a͒ , and in the case of thermal conductivity in Fig. 1͑c͒ . In the three-dimensional plots of Figs. 1͑b͒ and 1͑d͒, we show the experimental viscosity and thermal conductivity, respectively, as functions of temperature and density.
Viscosity
The deviations of the experimental data for the viscosity from the values calculated from the current standard formulation are shown in Figs. 2-5. To put these figures in per-spective, we summarize the uncertainty of the IAPWS formulation for viscosity. The uncertainty is expressed in the IAPWS release ͓IAPWS ͑1997͔͒ in terms of assigned tolerances associated with each of about 640 evenly spaced points in the range 273.15-1073.15 K from 0.1 to 100 MPa which were tabulated in the release. In general these tolerances are about 1% for the liquid phase below 573 K; 2% for the vapor, for the liquid at 573 K, and for supercritical states below 773 K and below about 40 MPa; and 3% for the remainder of the points in the tabulated region. Watson et al. ͑1980͒ provide additional information concerning the uncertainty of the formulation; for pressures above 100 MPa, they estimate an uncertainty of 3% for temperatures below 423 K and 5% for higher temperatures, where the limits of the formulation were given above.
The atmospheric pressure region is shown in two figures due to the very large number of data sets. The data sets are arranged chronologically. Figure 2͑a͒ shows data sets from 1914 to 1974. These are in essence the data employed in the IAPWS formulation. Hence, they agree very well within their mutual uncertainty. It should be noted that for most of this region the uncertainty quoted by the IAPWS formulation is less than about 1%. Figure 2͑b͒ shows data sets from 1974 to 1995. The data sets after 1980 were not used in the original formulation. With the exception of those of Melzer et al. ͑1989͒, whose measurements seem to be higher than all other sets, the new measurements also agree very well with the IAPWS formulation. Finally, the measurements of Kozlov ͑1985͒ performed with a NMR technique with unquoted uncertainty, show a 12% deviation from all present sets and were not included in the figures. In Sec. 2.1.1, we provide additional discussion concerning the viscosity of liquid water at atmospheric pressure and 20°C, because this is an important calibration standard. The deviations of the data sets in the liquid phase ͑excluding liquid data near 0.101 325 MPa͒ presented in Table 3 , are shown in Figs. 3͑a͒ and 3͑b͒. Only the data of Dudziak and Franck ͑1966͒ performed in an oscillating-disk viscometer with an uncertainty specified as 5% and a reproducibility which is considerably larger for some state points, have been excluded from the figures, because they show some deviations of up to about 12%. In both figures, the data sets agree with the viscosity values obtained from the IAPWS formulation within their mutual uncertainty. The low-pressure data below 273 K of White and Twining ͑1914͒, Hallett ͑1963͒, and Eicher and Zwolinski ͑1971͒ agree with the extrapolation of the formulation within Ϯ1%. The three liquid data sets reported after 1980 also agree well with the formulation.
VISCOSITY AND THERMAL CONDUCTIVITY OF WATER AND STEAM
The data sets in the vapor phase reported in Table 4 are shown in Fig. 4 . These are the data used in the original formulation. More recent measurements have not yet been reported. Some data of Whitelaw ͑1960͒ and Oltermann ͑1977͒, which show larger deviations, were obtained very near the critical point.
In Fig. 5 , the deviations of the data sets of Table 3͒ , and Coe and Godfrey ͑1944͒ were assigned a weight of 1.0 in the regression of a description of the temperature dependence by Bauer et al., and the data of Eicher and Zwolinski ͑1971͒ and of Korson et al. ͑1969͒ were assigned lower weights in that regression. 
Thermal Conductivity
The deviations of the experimental data for the thermal conductivity from the values calculated from the current standard formulation are shown in Figs. 6-9. The uncertainty of the IAPWS thermal conductivity formulation was again expressed by means of assigned tolerances associated with each of about 640 evenly spaced points in the range 273-1073 K from 0.1 MPa pressure to 100 MPa and about 40 points each along the saturated vapor and saturated liquid lines ͓IAPWS ͑1998͔͒. In general for the single phase region, the tolerances range from 1.5% to 4% depending on the state point below 50 MPa, and can rise considerably at higher pressures and near the critical point. The tabulated thermal conductivity of the saturated liquid has a tolerance of about 2% for temperatures up to 553 K, but this rises to about 10% close to the critical temperature. The tabulated thermal conductivity of the saturated vapor has a tolerance of about 3%-4% for temperatures up to 553 K; above 553 K, the tolerance increases to up to about 30% close to the critical temperature.
The atmospheric pressure region is shown in three figures due to the very large number of data sets also summarized in Table 6 . The data sets are arranged chronologically. The point of Shurygin et al. ͑1974͒ , performed in a rotating-disk instrument with an uncertainty of 5%, is excluded from the figures, because it lies 6.4% below all other data. In the last figure, Fig. 6͑c͒ , which includes data sets published after 1980, the deviations are much smaller, possibly indicating a general improvement in experimental capabilities.
The deviations of the thermal conductivity data in the liquid phase ͑excluding data near 0.101 325 MPa͒ from the IAPWS formulation, are shown in Figs. 7͑a͒, 7͑b͒ , and 7͑c͒ and are summarized in Table 7 . Data are arranged chronologically in the first two figures, while in the third figure, Fig.  7͑c͒ , five of the data sets obtained at very high pressures are shown. In Figs. 7͑a͒ and 7͑b͒ , the deviations are in general within Ϯ3%. However, we note the systematic ''S'' shape of the deviations in all figures with a minimum in the deviation at about 850 kg m Ϫ3 . In Fig. 7͑c͒ , some very high-pressure measurements are shown. The measurements of Amirkhanov et al. ͑1982͒ were not considered in the original formulation. The deviations in this figure are very large, and a careful reconsideration of this range might be appropriate.
The vapor phase deviations of the thermal conductivity are shown in the next two figures. The data sets in Figs. 8͑a͒ and 8͑b͒ are arranged chronologically. Because most of these older data were obtained at low densities, the first figure is more restricted in density. Most of the deviations are within 5%, while only a few deviations, especially near 100 kg m Ϫ3 , rise to 10%. The more recent measurements of Tufeu and Le Neindre ͑1987͒, performed in a concentric cylinder instrument with a 2% uncertainty, show deviations up to 10% with a maximum deviation at a density of about 100 kg m Ϫ3 .
Finally, deviations in the supercritical region (TϾT c for any pressure͒ are shown in Figs. 9͑a͒ and 9͑b͒. Most of these measurements were considered in the original formulation. Nevertheless, deviations show a maximum up to 30% near the critical temperature at different densities, indicating a possible area of improvement of the formulation. 
Conclusions
For the viscosity, the only measurements made after the development of the IAPWS formulation are in the liquid phase. Some of these data have slightly smaller uncertainties than the data considered in the development of the earlier IAPWS formulation. These data may be employed to develop a new standard formulation that will improve the representation of the viscosity of water in this region.
The behavior of the deviations of the thermal conductivity is, however, slightly different. At atmospheric pressure, the new measurements may help to improve the formulation. In the liquid phase, the high-pressure region needs to be reexamined. Also, the vapor-phase region can probably be improved in view of more recent measurements. Finally, it might be worthwhile to re-examine the critical region taking into account the new data and progress in the theoretical understanding of properties in this region.
This data collection represents the initial stage of a project to develop new standard formulations for the viscosity and thermal conductivity of water which are consistent with the IAPWS-95 thermodynamic surface. The project involves continued evaluation of these data, selection of primary data to be used for regression, establishment of the structural form of the terms which contribute to the transport properties, and regression, optimization, and validation of the resulting correlating equations.
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